Genetically engineered (GE) crops producing insecticidal proteins from Bacillus thuringiensis (Bt) (mainly Cry proteins) have become a major control tactic for a number of key lepidopteran and coleopteran pests, mainly in maize, cotton, and soybean. As with any management tactic, there is concern that using GE crops might cause adverse effects on valued non-target species, including arthropod predators and parasitoids that contribute to biological control. Such potential risks are addressed prior to the commercial release of any new GE plant. Over the past 20+ years, extensive experience and insight have been gained through laboratory and field-based studies of the non-target effects of crops producing Cry proteins. Overall, the vast majority of studies demonstrates that the insecticidal proteins deployed today cause no unintended adverse effects to natural enemies. Furthermore, when Bt crops replace synthetic chemical insecticides for target pest control, this creates an environment supportive of the conservation of natural enemies. As part of an overall integrated pest management (IPM) strategy, Bt crops can contribute to more effective biological control of both target and non-target pests. The growing use of insecticidal seed treatments in major field crops (Bt or not) may dampen the positive gains realized through reductions in foliar and soil insecticides. Nonetheless, Bt technology represents a powerful tool for IPM.
Introduction
Biological control is a cornerstone of Integrated Pest Management (IPM) and plays an important role in the sustainable and economic suppression of arthropod pest populations (Bale et al., 2008; Naranjo et al., 2015) . The global value of biological control (trophic regulation of populations) has been estimated at $617/ha (2018 dollars) (Constanza et al., 1997) . For pest control provided by natural enemies in the USA alone, a value of $5.9 billion (2018 dollars) has been estimated (Losey and Vaugh, 2006) , a value that is regarded as extremely conservative (Landis et al., 2008) . The importance of biological control for sustainable agricultural production is widely recognized and biological control is regarded as an important regulating service in the Millennium Ecosystem Assessment (MEA, 2005) .
Biological pest control comprises different "tactics" including augmentative or inundative control, which requires an initial or repeated release of natural enemies, and classical biological control in which exotic natural enemies are introduced, mainly to manage invasive pests (Heimpel and Mills, 2017) . Conservation biological control, in contrast, takes advantage of resident natural enemies and involves management strategies to conserve their populations and the services they provide. Two general approaches are followed. One involves habitat manipulations to increase the abundance and activity of natural enemies (Landis et al., 2000) , because natural enemies have been shown to benefit from increased landscape complexity (Bianchi et al., 2006; Chaplin-Kramer et al., 2011; Veres et al., 2013) . The second focuses on reducing use of control tactics, such as insecticides, that may harm natural enemies. New molecular tools provide opportunities for the development of genetically engineered (GE) pest-resistant crops that control key pests and require less input of foliar and soil insecticides (Brookes and Barfoot, 2018; Gurr and You, 2016; Klümper and Qaim, 2014; Naranjo, 2011) . The first GE crops developed in the late 1980s expressed insecticidal proteins (Cry) from the bacterium Bacillus thuringiensis Berliner (Bt) because of their known specificity and the excellent safety record of microbial Bt formulations (Fischhoff et al., 1987; Perlak et al., 1990; Meadows, 1993) . Pest-resistant Bt plants are now widely used on a global scale (ISAAA, 2017) . There is evidence that Bt crops can reduce target pest populations over broad scales (Carrière et al., 2003; Dively et al., 2018; Hutchison et al., 2010; Wan et al., 2012; Wu et al., 2008; Zhang et al., 2018) resulting in reduced damage on both GE and non-GE crops in the region. In addition, they have been shown to promote biological pest control in the system, if foliar insecticides are reduced (Lu et al., 2012; Zhang et al., 2018) .
Host-plant resistance, whether developed through traditional breeding practices or genetic engineering, is an important tactic to protect crops against arthropod pests (Smith, 2005) . Together with biological control, host plant resistance forms the foundation of sustainable IPM programs (Kennedy, 2008; Smith, 2005; Tingey and Steffens, 1991) . Mechanisms of resistance can be categorized as constitutive or inducible and direct or indirect defenses. Direct defenses can be chemical (e.g., toxicants) or physical attributes (e.g., trichomes) and are defined by having a direct impact on the herbivore by negatively affecting its important life-history parameters or by deterring adult oviposition (Hagenbucher et al., 2013; Price et al., 1980; Sabelis et al., 1999) . In contrast, indirect defenses act by enhancing the effectiveness of natural enemies of the attacking herbivore. Examples are the emission of volatiles that are used by natural enemies to find their hosts/prey and the provision of food (e.g., extrafloral nectaries) (Turlings and Wäckers, 2004) .
Plant characteristics that affect herbivores may also directly or indirectly affect their natural enemies. Studies on plant-herbivore-natural enemy interactions reveal that plant defense traits can have negative, positive, or neutral effects on natural enemies (Boethel and Eikenbary, 1986; Hare, 2002; Ode, 2006; Peterson et al., 2016b; Price et al., 1980) . The tools of genetic engineering have provided a novel and powerful means of transferring insect-resistance genes to crops, and there is evidence that those resistance traits have similar effects on natural enemies than resistance achieved by conventional breeding (Kennedy and Gould, 2007; Romeis et al. 2008c) . GE insect resistant crops have been grown on a large scale for more than 20 years, and there is considerable experience and knowledge on how they can affect natural enemies and how their risks can be assessed prior to commercialization.
As a highly effective form of host plant resistance, insecticidal GE crops are a foundational tactic in IPM. They work synergistically with other tactics such as conservation biological control to achieve more sustainable pest control. This review will present basic information on the adoption and use of GE crops, discuss the impact of GE crops on natural enemies through the lens of risk assessment and provide evidence on how GE crops can enable biological control to become a more effective component of IPM.
GE plant cultivation
Since the first GE plant was commercialized in 1996, the area grown with GE varieties has steadily increased. The two major traits that are deployed are herbicide-tolerance (HT) and resistance to insects. Here, we will focus primarily on insect-resistant GE crops (but see Box 1 for HT crops). In 2017, GE varieties expressing one or several insecticidal genes from Bt were grown on a total of 101 million hectares worldwide, reaching adoption levels above 80% in some regions (ISAAA, 2017; Fig. 1) . Thus, Bt plants have turned what was once a minor foliar insecticide into a major control strategy and their role in IPM has received considerable attention (Downes et al., 2017; Gray, 2011; Meissle et al., 2011; Naranjo, 2011; Romeis et al., 2008b; Wilson et al., 2018) .
The majority of today's insect-resistant GE plants produce crystalized (Cry) proteins from Bt. However, this bacterium possesses another class of insecticidal proteins, the vegetative insecticidal proteins (Vips), which are synthesized during the vegetative growth phase (Estruch et al., 1996) and have a different mode of action than Cry proteins (Lee et al., 2003) . Vips are already deployed in some commercial maize hybrids (e.g., MIR162, Raybould and Vlachos, 2011) and cotton (e.g., COT102 in Bollgard III, Whitehouse et al., 2014) . While the early generation of Bt crops expressed single cry genes, current varieties typically express two or more insecticidal genes. These so-called pyramid events are more effective in controlling the target pests and help to slow down the evolution of resistance (Gressel et al., 2017; Huang, 2015; Que et al., 2010; Zhao et al. 2005) . Currently, SmartStax® maize produces the most combined GE traits of any currently commercially cultivated GE crop, i.e., six different cry genes to control lepidopteran and coleopteran pests and two genes for herbicide tolerance (Head et al., 2017) .
Fig. 1.
Global adoption (in %) of GE crops (maize, cotton, soybean, eggplant) with insect-resistance traits (either alone or stacked with HT traits) in 2017 (data source: ISAAA, 2017). Only countries are listed where the biotech crop was grown on > 1000 ha. Adoption levels > 80% are highlighted in bold. In the case of Vietnam and Spain, adoption levels were calculated based on data from the USDA Foreign Agricultural Service (www.fas.usda.gov).
Box 1
Herbicide-tolerant GE crops and biological control.
Tolerance to broad-spectrum herbicides such as glyphosate, glufosinate or dicamba is the most widely deployed trait in GE crops (soybean, maize, cotton, canola, alfalfa and sugar beet). In 2017, GE varieties carrying the herbicide tolerance (HT) trait either alone or stacked with insecticidal traits were grown on a total of 166.4 million hectares worldwide (ISAAA, 2017) . The benefits of this technology include highly effective weed control, greater flexibility in applying the herbicide, reduced phytotoxicity to the crop, and savings in time and costs (Bigler and Albajes, 2011) . Herbicides generally have low toxicity to arthropods and this is evaluated during the approval process for each new product. However, changes in weed management affect weed diversity and abundance and also might indirectly affect the abundance, diversity and effectiveness of biological control (Bigler and Albajes, 2011; Lundgren et al., 2009; Sanvido et al., 2007) .
It is well established that weeds interact with both arthropod pests and their natural enemies Kogan, 2000, 2005) . Weeds can provide food such as pollen and nectar, harbor (alternative) prey/hosts, provide shelter and refuge, alter the microclimate and structure in the field, and interact with the crop affecting its morphology, phenology and physiology with consequences for natural enemies. Because these interactions are very complex and our understanding remains incomplete, making predictions on how changes in weed abundance and diversity affect arthropods is extremely difficult.
Several studies in Europe have addressed the impact of HT crops and their management on arthropod biodiversity. The most publicized project was the UK Farm Scale Evaluations (FSE) conducted in different crops (spring-sown beet, maize and oilseed rape, and winter-sown oilseed rape). The project used split fields where one half was sown with a conventional crop variety and managed conventionally, while the other half was grown with a HT variety and only the associated herbicide was applied. As expected, the change in the weed management scheme affected both the composition of weed species and the invertebrate taxa in the field. Most importantly, however, crop type and sowing seasons had a far larger impact on the weed and invertebrate composition than the herbicide regime (Hawes et al., 2003; Smith et al., 2008) . Subsequent field studies conducted with HT maize in both Spain and the Czech Republic and with HT cotton in Spain have shown that the response of arthropods to altered weed abundance and diversity was variable and differed among taxa García-Ruiz et al., 2018; Svobodová et al., 2018) . For example, Albajes et al. (2009) compared the weed and arthropod abundance in HT maize treated with glyphosate to untreated maize plots. Both the abundance and composition of weeds differed significantly between the treatments. Among the herbivores collected, aphids and leafhoppers were more abundant in the glyphosate-treated HT plots, while the opposite was observed for thrips (Thysanoptera). In the case of predators for example, Orius spp. (Hemiptera: Anthocoridae) and spiders (Araneae) were more abundant in the glyphosate treated plots, while the opposite was observed for Nabis spp. (Hemiptera: Nabidae) and Carabidae (Coleoptera) . A follow-up study indicated that the differences in Orius spp. densities were more linked to prey availability than weed abundance per se .
One of the biggest changes with HT weed management is flexibility in the timing of herbicide application, which has a marked effect on the population dynamics of weeds. This has been demonstrated for HT sugar beet, which provides opportunities to alter weed management, including enhancing weed biomass while protecting the crop from pests (Dewar et al., 2000) . Additionally, it is possible to enhance arthropod biomass and weed seed banks to provide food for farmland birds May et al., 2005) .
In addition to changes in weed management, the use of HT varieties has also been found to have impacts on tillage practice. No-tillage and conservation tillage regimes have become more widely adopted with the introduction of HT crops (Givens et al., 2009; Smyth et al., 2011) . Reduced tillage or no-tillage minimizes the disruption of the soil structure, composition and biodiversity with positive impacts on arthropods and biological control (Holland, 2004; Stinner and House, 1990; Tamburini et al., 2016; Triplett and Dick, 2008) . Furthermore, reduced tillage and fewer tillage passes contribute significantly to carbon sequestration and reduce the amount of greenhouse gas emissions (Brookes and Barfoot, 2018; Smyth et al., 2011) , which in turn could help mitigate climate change.
Overall, the experience available to date shows that the effects caused by a shift from a conventional weed management scheme to a HT crop system on arthropods and biological control are difficult to predict. Depending on the crop, the arthropod taxa and the actual changes in crop management (types of herbicides, application timing, tillage practice, etc.) effects can be positive or negative. Because of this complexity, assessing potential risk of HT technology compared to conventional cropping systems is difficult. Such an assessment, however, is a regulatory requirement in the European Union (Lamichhane et al., 2017) . The European Food Safety Authority (EFSA) assessed the environmental impact of HT maize and soybean and concluded that their cultivation is unlikely to raise additional environmental safety concerns compared to conventional maize or soybean in most conditions (EFSA, 2011 (EFSA, , 2012 .
The application of the Bt technology, however, is currently largely limited to the three field crops maize, cotton, and soybean. Most of the Bt varieties target lepidopteran pests (Hellmich et al., 2008; Naranjo et al., 2008) . This includes stemborers, such as Ostrinia nubilalis (Lepidoptera: Crambidae) in maize, the pink bollworm Pectinophora gossypiella (Lepidoptera: Gelechiidae) in cotton and the budworm/bollworm complex in cotton and soybean, including Helicoverpa/Heliothis spp. (Lepidoptera: Noctuidae) and other caterpillar pests. In the case of maize, traits are available that target the larvae of corn rootworms Diabrotica spp. (Coleoptera: Chrysomelidae). Recently, the technology has been applied to eggplant for protection against the eggplant fruit and shoot borer (Leucinodes orbonalis, Lepidoptera: Crambidae) (Hautea et al., 2016) . .
The adoption of the Bt technology differs among continents. While Bt-transgenic varieties are widely used in the Americas and in Asia, only few countries in Europe and Africa grow these crops. Bt maize is very popular in the Americas, often reaching > 80% adoption. Bt cotton is also widely grown in the USA and Mexico, while Bt soybean remains at relatively low adoption levels (17 to 34%) in South America with the exception of Brazil (58% adoption). In Chile, stacked Bt/HT maize and in Costa Rica, stacked Bt/HT cotton have been grown for seed export only (ISAAA, 2017) . In several Asian countries and Australia, the technology is used to control lepidopteran pests (mainly Helicoperpa spp.) in cotton with adoption levels > 90%. Bt maize is grown at a significant level in The Philippines to control the Asian corn borer, Ostrinia furnacalis (Lepidoptera: Crambidae) while Vietnam only introduced Bt-transgenic varieties in 2015 and their use is still limited. In Europe, the only product currently approved for cultivation is the Bt maize event MON810 that produces the Cry1Ab protein and protects the plants from corn borers. The largest cultivation area is in Spain with an overall adoption level of 36% in 2017 (ISAAA, 2017) . In Africa, Bt crops are currently cultivated in only two countries. South Africa grows Bt maize to control stem borers and Bt cotton to control Helicoverpa armigera (Lepidoptera: Noctuidae). Sudan deploys Bt cotton targeting the same pest. Use of Bt cotton has been temporarily halted in Burkina Faso after eight years (Pertry et al., 2016; Sanou et al., 2018) . With the recent invasion of the fall armyworm in Africa (Goergen et al., 2016) , there is increased interest in using Bt maize as part of a management program (Prasanna et al., 2018) .
Non-target risk assessment of GE plants
Worldwide, GE plants are subject to an environmental risk assessment (ERA) before being released for cultivation (Craig et al., 2008) . The ecosystem service of biological control is an important protection goal to be addressed in the ERA (Sanvido et al., 2012; Devos et al., 2015) . Growing insecticidal GE plants could harm natural enemies and biological control in three ways. First, the plant transformation process could have introduced potential harmful unintended changes. In the ERA, this risk is typically addressed by a weight-of-evidence approach considering information from the molecular characterization of the particular GE events and from a comparison of the composition and agronomic and phenotypic characteristics of the GE plant with its conventional counterpart(s) (Garcia-Alonso, 2010; Garcia-Alonso and Raybould, 2014) . There is increasing evidence that the process of genetic engineering generally has fewer effects on crop composition compared with traditional breeding methods (Herman and Price, 2013) . The current approach is conservative, in particular because offtypes are typically eliminated over the many years of breeding and selection that happen in the process of developing a new GE variety Privalle et al., 2012; Schnell et al., 2015; Weber et al., 2012) . Second, the plant-produced insecticidal protein could directly affect natural enemies. Such potential toxicity is tested on a number of non-target species and these data are an important part of the regulatory dossier. Third, indirect effects could occur as a consequence of changes in crop management or arthropod food-webs. Such affects are addressed in the pre-market ERA but, because of the complexity of agro-ecosystems, potential impacts might only be visible once plants are grown in farmer fields.
For insecticidal proteins in GE plants to directly affect a natural enemy, the organism has to ingest the toxin (exposure, see Section 4) and be susceptible to it (toxicity, see Section 5). Toxicity of the insecticidal protein to natural enemies is typically evaluated in a tiered risk assessment approach that is conceptually similar to that used for pesticides. Testing starts with laboratory studies representing highly controlled, worst-case exposure conditions and progresses to bioassays with more realistic exposure to the toxin and semi-field or open field studies carried out under less controlled conditions (Garcia-Alonso et al., 2006; Romeis et al., 2008a) . From a practical standpoint, because not all natural enemies potentially at risk can be tested, a representative subset of species (surrogates) is selected for assessment (Carstens et al., 2014; Romeis et al., 2013b; Wach et al., 2016) . First, the species must be amenable and available for testing. This means that suitable lifestages of the test species must be obtainable in sufficient quantity and quality, and validated test protocols should be available that allow consistent detection of adverse effects on ecologically relevant parameters. Second, what is known about the spectrum of activity of the insecticidal protein and its mode of action should be taken into account to identify the species or taxa that are most likely to be sensitive. In the case of Bt proteins (and even more so in the case of insecticidal GE plants based on RNA interference) the phylogenetic relatedness of the natural enemy with the target pest species are of importance. Third, the species tested should be representative of taxa or functional groups that contribute to biological control and that are most likely to be exposed to the insecticidal compound in the field (see Section 4). Knowledge on the natural enemies present in a particular crop, their biological control activity, and their biology and ecology is used to select representative test species. Databases containing this information have been established for various field crops in Europe (e.g., , Riedel et al., 2016 and for rice in China (Li et al., 2017b) . The manner by which this information can be used to support the species selection process has been demonstrated for Bt maize in Europe and for Bt rice in China (Li et al., 2017b) . Attempts to construct arthropod food webs and use this information to select the most appropriate surrogate species for testing have also been developed for Bt cowpea in West Africa (Ba et al., 2018) , Bt sweet potato in Uganda (Rukarwa et al., 2014) , and Bt pine trees in New Zealand (Todd et al., 2008) .
Exposure of natural enemies to insecticidal proteins

Concentration of Bt proteins in plant material
When Bt genes are incorporated into crops, they are usually combined with constitutive promoters, such as CaMV 35s or the maize ubiquitin promoter that are active in all tissues. Consequently, Bt proteins in current crops can be found in the whole plant including roots, stems, leaves, pollen, and fruits. However, concentrations can vary considerably in different plant tissues, across different developmental stages, and among different Bt proteins and transformation events (Eisenring et al., 2017; Knight et al., 2013; Jehle 2007, 2009; Obrist et al., 2006a; Svobodová et al., 2017) . One example is the pollen of Bt maize producing Cry1Ab. Early cultivars with the transformation event 176 had high concentrations of Cry1Ab in pollen, which lead to concerns that valued butterfly populations may be affected when inadvertently ingesting insecticidal pollen deposited on their host plants. Modern Bt maize varieties based on other transformation events (e.g., MON810, Bt11) express very low levels of Cry1Ab in the pollen (Perry et al., 2010; Shelton and Sears, 2001) .
In contrast to sprayed insecticides, which are applied at distinct time points, plant-produced Bt proteins are present constantly. Exposure to the pest and non-target organisms is therefore longer than it would be with most insecticides. Bt protein concentrations in younger tissue, however, are often higher than in mature tissue, which can lead to lower Bt protein concentrations towards the end of the growing season. This has, for example, been reported for Cry3Bb1 in maize event MON88017 (Nguyen and Jehle, 2009 ), but not for Cry1Ab in maize event MON810 (Nguyen and Jehle, 2007) . In the case of Bt cotton, the Cry1Ac concentration typically declines when plants get older, while the Cry2ab protein remains relatively stable (Adamczyk et al. 2001; Knight et al., 2013; Olsen et al., 2005) .
Bt plant material entering the decomposition process in the soil is degraded rapidly. When litter bags filled with senescent Bt maize leaves were buried in a maize field in autumn, almost no Bt protein was detectable eight months later (Zurbrügg et al., 2010) . Similarly, residual root stalks collected eight months after harvest contained 100-fold less Cry1Ab than fresh root samples (Nguyen and Jehle, 2007) .
Because Bt proteins are gut-active, they need to be ingested to reveal their insecticidal properties (Bravo et al., 2011) . Natural enemies can be exposed to plant produced-Bt proteins when feeding directly on plant tissue, or via prey or host species that have consumed Bt plant material (Fig. 2 , routes 1 and 2).
Exposure through GE plant material
Plant material is mainly consumed by herbivores, which include major pest species that are the targets of the Bt crop, but also a range of non-target species from different taxonomic orders that are not susceptible to the produced Bt proteins. Many predators are also facultative herbivores, which feed on pollen and other plant tissue when prey is scarce (Fig. 2 , route 1) (Lundgren, 2009; Meissle et al., 2014; Peterson et al., 2016a; Van Rijn et al., 2002) . Pollen feeding has, for example, been reported for predatory bugs, such as Orius spp. (Hemiptera: Anthocoridae), for ladybird beetles, such as Coleomegilla maculata or Harmonia axyridis (Coleoptera: Coccinellidae), for spiders (Araneae), for ground beetles (Coleoptera: Carabidae), and for predatory mites (Acari: Phytoseiidae) (Lundgren, 2009; Meissle et al., 2014, Table S1 ). Field studies with Bt maize, which sheds large amounts of pollen, revealed that Orius spp. and ladybeetles contained higher levels of Bt protein during anthesis than before or after, indicating pollen consumption (Meissle and Romeis, 2009a; Obrist et al., 2006a) . Green lacewings, Chrysoperla carnea (Neuroptera: Chrysopidae), feed exclusively on pollen and nectar in the adult stage Sheldon and MacLeod, 1971) , while larvae are predators which can supplement their diet with pollen (Meissle et al., 2014) . Predators may seek pollen as a food source actively. They may, however, also ingest it passively, e.g. when it is sticks to their prey or, in the case of spiders, when they clean or recycle their web (Meissle and Romeis, 2009a; Peterson et al., 2016a) . In Carabidae (Coleoptera), some species are mainly predators, some are considered omnivores, feeding on prey and plant tissue, and others live mainly as herbivores, e.g. on plant roots or seeds (Lundgren, 2009) . Predatory bugs, such as Geocoris spp. (Hemiptera: Geocoridae) and Nabis spp. (Hemiptera: Nabidae), have also been reported to feed directly on green leaf tissue (Yu et al., 2014) . Soil inhabiting natural enemies may feed on roots or on decaying plant or arthropod material occasionally, which might expose them to Bt protein. They may also encounter root exudates that contain Bt protein (Fig. 2 , route 4) (Icoz and Stotzky, 2008) .
Nectar is an important source of carbohydrates for adult parasitoids and some predators (Coll and Guershon, 2002; Lundgren, 2009 ), although there is no evidence that nectar contains Cry proteins. Parasitoids commonly don't consume plant tissue and adult parasitoids collected in Bt maize and Bt rice fields did not contain measurable Cry protein concentrations (Harwood et al., 2005; Li et al., 2017b) . There is evidence, however, for direct plant feeding by Pseudogonatopus flavifemur (Hymenoptera: Dryinidae), a parasitoid of planthoppers, that contained Cry protein when caged with Bt rice plants devoid of hosts . While exposure through direct plant feeding might be a significant route of exposure for some natural enemy species or in particular situations (e.g. when no prey is available), the more common route of exposure to Bt proteins is through consumption of prey or hosts (Fig. 2 , route 2).
Exposure through prey or hosts
Herbivores feeding on Bt plants may ingest the insecticidal protein (s) and expose their antagonists to these proteins. Feeding studies with sensitive insects have shown that Bt protein measured in herbivores (spider mites, caterpillars, rootworm adults) immunologically by ELISA is still biologically active, which indicates that ELISA data can be used to estimate levels of exposure to active Bt protein (Chen et al. 2008; Guo et al., 2016; Li et al., 2011; Meissle and Romeis, 2009b; Obrist et al., 2006b; Tian et al., 2012 Tian et al., , 2013 Tian et al., , 2018b Routes through which natural enemies could be exposed to plant-produced insecticidal compounds. Arthropods, including herbivores and natural enemies, can feed directly on non-mobile plant parts or pollen (1). Natural enemies can be exposed through prey or hosts when consuming other arthropods, such as herbivores or other members of higher trophic levels (2). Honeydew, sugary excretions of phloem-feeding Hemiptera, might expose natural enemies if the insecticidal compounds are present in the phloem (3). Insecticidal compounds may enter the soil via decaying plant tissue, root exudates, or dead herbivores or natural enemies, where soil living arthropods may get exposed (4). Arthropods living in off-crop habitats may also get exposed when insecticidal compounds leached or exuded from the plants are transported by ground water, or when pollen or plant debris are blown off the field (5, 6). Finally, herbivores and natural enemies leaving the crop may expose natural enemies in off-crop habitats (7). Drawing by Ursus Kaufmann, Agroscope. Torres et al., 2006; Wei et al., 2008; Zhao et al., 2016) . This indicates that most of the ingested Bt protein is digested in the gut or excreted. However, Cry1Ac was also found in the body tissue outside the gut in cotton bollworms, H. armigera (Zhao et al., 2016) . It has been claimed that Bt proteins may accumulate in a ladybird in a system using aphids and purified Bt proteins in an artificial diet (Paula and Andow, 2016) . However, the body of literature from more realistic laboratory and field experiments does not provide any evidence for such an accumulation .
Many natural enemies use aphids as prey or hosts because aphids are abundant in most crops worldwide. Bt proteins, however, do not seem to enter the phloem sap, which is the food for aphids (Raps et al., 2001) . Consequently, aphids contain, at best, trace amounts of Bt protein several orders of magnitude lower than the concentrations in green tissue Tian et al., 2015) . Natural enemies consuming mainly aphids are thus generally not exposed to significant concentrations of Bt protein. Consequently, aphid honeydew, which is an important source of energy for both predators and parasitoids (Wäckers, 2005) , is a negligible route of exposure to plant-produced Bt proteins (Fig. 2, route 3) . The same appears to be true for the honeydew produced by other sap-feeders. Only trace amounts of Cry proteins were detected in the honeydew produced by the brown planthopper (Nilaparvata lugens; Hemiptera: Delphacidae) on different Bt rice lines (Bernal et al., 2002; Tian et al., 2018a) . However, other transgenic compounds (e.g., Galanthus nivalis agglutinin, Hogervorst et al., 2009) have been found in aphid honeydew. Consequently, this route of exposure could be important for insecticidal non-Bt plants.
Herbivores feeding on green plant tissue ingest relatively high amounts of Bt protein. Those include species with chewing mouthparts, e.g. caterpillars (Lepidoptera), and species with piercing sucking mouthparts, such as bugs (Hemiptera), thrips (Thysanoptera), or spider mites (Acari) Romeis, 2009a, 2018) . Spider mites have been found to be among the herbivores with the highest concentrations of Bt protein because they suck out contents in mesophyll cells where the Bt protein is concentrated. Concentrations are in the same order of magnitude (or even higher) than those found in the leaf tissue (Álvarez-Alfageme et al., 2008 (Álvarez-Alfageme et al., , 2011 Dutton et al., 2002; Guo et al., 2016; Romeis, 2009a, 2018; Obrist et al., 2006b,c; Torres and Ruberson, 2008; Svobodová et al., 2017) .
Tritrophic studies with Bt plants, herbivorous prey, and predators have shown that ladybeetles ingest relatively high amounts of Bt protein, while concentrations in lacewings, predatory bugs, and spiders were lower (Álvarez-Alfageme et al., 2008 (Álvarez-Alfageme et al., , 2011 Eisenring et al., 2017; Romeis, 2009a, 2018; Peterson et al., 2011 Peterson et al., , 2016a Torres and Ruberson, 2008; Torres et al., 2006) . Ground beetle larvae that live below-ground and feed mainly on other soil-inhabiting species, including decomposers, might contain Bt protein (Peterson et al., 2009 ). Adults of most carabid species are grounddwelling predators, omnivores, or herbivores and are thus exposed to Bt proteins via plant tissue or prey (Zwahlen and Andow, 2005) . Field collections of predators have shown that Bt protein concentrations also can vary considerably among species of the same taxonomic group, such as spiders (Peterson et al. 2016a) , carabids (Zwahlen and Andow, 2005) , or ladybird beetles (Harwood et al., 2005) , which can be explained by differences in feeding habits.
Parasitoids are potentially exposed to Bt proteins when feeding on their hosts. Similar to predators, the Bt protein concentration in the host, as well as the feeding habit of the parasitoid, influence exposure. In general, parasitoids that consume the gut of their host, where most of the Bt protein is located, are expected to experience higher exposure than those leaving the host without consuming the gut (Meissle et al., 2004; Vojtech et al., 2005) . In some species, adults also feed on the host, which might lead to exposure. For most parasitoid species, however, adults feed on nectar or honeydew and consequently do not ingest significant amounts of Bt protein (Harwood et al., 2005; Li et al., 2017b ).
In conclusion, Bt proteins are generally transferred from plants to herbivores to natural enemies. But the amount of Bt protein ingested by natural enemies is highly variable and depends on the concentration of the Bt protein in the plant, the stability of the Bt protein, the time of the last meal, the mode of feeding of the herbivore and the natural enemy, and behavior (Dutton et al., 2003; Romeis et al., 2009) . Furthermore, excretion and digestion at each trophic level leads to a dilution effect when Bt proteins move along the food chain. This is supported by evidence from ELISA measurements of field collected arthropods from Bt maize (Harwood et al., 2005; Meissle and Romeis, 2009a; Obrist et al., 2006a , Peterson et al., 2009 , cotton (Eisenring et al., 2017; Torres et al., 2006) , soybean (Yu et al., 2014) , and rice (Li et al., 2017b) .
Exposure in off-crop habitats
Arthropods inhabiting or visiting Bt crop fields may be exposed to plant-produced Bt proteins. However, arthropods living in the field margins or other elements of the surrounding landscape may also encounter Bt proteins from fields where Bt plants are grown. The most prominent example is pollen from Bt maize that is deposited on food plants of butterflies in the field margins (Fig. 2, route 5 ). During the period of pollen shed, butterfly larvae are likely to ingest certain amounts of pollen grains together with their food plant (Perry et al., 2010; Schuppener et al., 2012; Shelton and Sears, 2001 ). This is also likely for other herbivores and potentially their natural enemies. Maize pollen is relatively heavy and deposited mainly within or in close proximity to the maize field, which limits exposure of arthropods offcrop, although certain wind conditions may lead to pollen drift over several kilometers (Sanvido et al., 2008) . During harvest, in particular when only cobs are harvested and the remaining plant material is shredded and left on the field, parts of the plant debris might drift to neighboring habitats and expose decomposers and their natural enemies (Fig. 2, route 6) . Pollen, plant debris, and also exudates from living roots or exudes from decaying plant material might enter small streams that often run close to agricultural fields (Rosi-Marshall et al., 2007; Tank et al., 2010) . Those are potential routes of exposure for aquatic organisms, such as shredders, filter feeders, and their natural enemies. Bt protein concentrations in aquatic systems, however, are expected to be very low due to a huge dilution effect of the running water (Carstens et al., 2012; Tank et al., 2010) . Finally, herbivores and other arthropods that have ingested Bt protein from the Bt crop may leave the field and expose natural enemies off-crop (Fig. 2, route 7) . Because of the rapid excretion and digestion, however, this route of exposure is temporally very limited.
Toxicity of insecticidal proteins produced in GE plants
Studies to investigate the toxicity (hazard) of the insecticidal compounds produced by Bt plants to natural enemies include direct feeding studies in which the natural enemies are fed artificial diet containing purified Bt protein, bitrophic studies where natural enemies are fed Bt plant tissue (e.g., pollen), or tritrophic studies using a herbivore to expose the natural enemy to the plant-produced toxin. Numerous such studies have been conducted on a large number of Bt proteins, Bt crops and transformation events.
In summary, the available body of literature provides evidence that insecticidal proteins used in commercialized Bt crops cause no direct, adverse effects on non-target species outside the order (i.e., Lepidoptera for Cry1 and Cry2 proteins) or the family (i.e. Coleoptera, Chrysomelidae for Cry3 proteins) of the target pest(s). This also holds true for Bt plants that produce two or more different insecticidal proteins. The available data indicate that these pyramided insecticidal proteins typically act additively in sensitive species and cause no unexpected effects in species that are not sensitive to the individual toxins (Graser et Levine et al., 2016; Raybould et al., 2012; Shu et al., 2018; Su et al., 2015; Svobodová et al., 2017; Tian et al., 2014 Tian et al., , 2018b Walters et al., 2018) . Recent studies have demonstrated that this is also true for a combination of Cry proteins and dsRNA (Khajuria et al., 2018; Levine et al., 2015; Ni et al., 2017) .
While a few studies claim to have revealed unexpected non-target effects, none of those claims has been verified, i.e., confirmed in followup studies conducted by other research groups. It is thus likely that those results are artifacts, probably resulting from problems in study design (EFSA, 2009; Rauschen, 2010; Ricroch et al., 2010; Romeis et al., 2013a Romeis et al., , 2014b . This emphasizes the need for risk assessment studies to be carefully designed to avoid erroneous results that include false negatives (i.e, the failure to detect adverse effects of toxins that are potentially harmful in the field) and positives (i.e., the detection of adverse effects when the toxin is unlikely to be harmful in the field) (De Schrijver et al., 2016; Li et al., 2014b; Romeis et al., 2011 Romeis et al., , 2013a .
Direct feeding studies
To support the regulatory risk assessment, non-target studies with natural enemies are typically conducted under worst-case exposure conditions in the laboratory. Recombinant insecticidal proteins produced in microorganisms are usually used as the test substance. It is often not feasible to use plant-expressed protein because sufficient mass cannot be reasonably purified from the plant source. As a consequence, those proteins must be well characterized to demonstrate a functional and biochemical equivalence with the plant-produced protein (Raybould et al., 2013) . In general, studies with purified Bt proteins have not indicated any adverse effects on the tested non-target organisms. Reviews are available for a number of Bt proteins including the Coleoptera-active Cry34/35Ab1 (De Schrijver et al., 2016; Narva et al., 2017) and Cry3Bb1 (Devos et al., 2012) and the Lepidoptera-active Cry1Ab , Cry1Ac (CERA, 2011), Cry2Ab (CERA, 2013a), Cry1F (Baktavachalam et al., 2015; CERA, 2013b) , and Vip3Aa (CERA, 2012; Raybould and Vlachos, 2011).
As noted above, more realistic routes of exposure for natural enemies include feeding directly on the plant or indirectly through their prey or hosts feeding on the plants. The following sections will focus on these types of studies
Bitrophic studies
To our knowledge, bitrophic studies, where natural enemies were directly fed with Bt plant material, have been conducted on a total of 20 species from 6 orders and 12 families ( Table 1) . The majority of studies tested material from Bt-transgenic maize, followed by rice, potato, and cotton. The most commonly used test substance was pollen. The studies recorded survival, but also sublethal parameters, e.g., developmental time or body mass. With two exceptions, exposure of the natural enemies to the plant produced Cry proteins has been confirmed or can be expected given the test system and the feeding mode of the test organism. The exceptions are studies conducted with adult egg parasitoids belonging to the genus Trichogramma (Hymenoptera: Trichogrammatidae) which, due to their minute size, are not able to feed on maize pollen grains (Romeis et al., 2005) . Studies conducted with Bt maize pollen from events MON810 and Bt11 (Meissle et al., 2014; Obrist et al., 2006c ) also lacked exposure given the very low concentrations of Cry proteins in the pollen of this event (Dutton et al., 2003; Nguyen and Jehle, 2007) . Thus, valid conclusions about Cry1Ab toxicity are not possible from those studies.
With the exception of four studies, none of the bitrophic studies has reported putative adverse effects of the Bt plant on the natural enemies when compared with the respective control plant. The first study concerns the impact of Bt rice (Cry1Ab, KMD1 and KMD2) pollen on Propylea japonica (Coleoptera: Coccinellidae). Out of several life-table parameters that were measured, the longevity of females was reduced compared to the control in the KMD1 treatment, but not in the KMD2 treatment, despite similar exposure. In the second study, the impact of Bt maize (Cry1Ab, Bt11) pollen on the predatory mite Amblyseius cucumeris (Acari: Phytoseiidae) was tested and the authors reported a significant increase in female development time and a significant decrease in fecundity in the Bt treatment (Obrist et al. 2006c ). The authors suggest that the observed effects were not related to the Cry1Ab protein since in a parallel study no effects were observed when the predator was fed with spider mites that contained much higher amounts of Cry1Ab compared to Bt maize pollen. Similarly, Mason et al. (2008) observed a reduced fecundity in lacewings fed pollen from Bt maize MON810 but not for pollen from event 176 which contains much higher concentrations of Cry1Ab. Adverse effects (increase in 4th instar developmental time) were reported in a third study where larvae of C. maculata were fed seedlings of Bt maize (Cry1Ab, MON810) (Moser et al., 2008) . In this study, however, a non-related non-Bt maize variety was used as the control. In summary, it is apparent, that the unexpected effects observed in these four studies were not caused by the expressed Cry protein but by some unidentified plant-related characteristics. Because several breeding steps are necessary to generate a stable GE line from the parental line, differences in the composition of plant tissues exist even between a GE line and the respective near-isoline (see Section 3). These differences are likely to increase when the transgenic event is conventionally crossed into a range of different genetic backgrounds to generate commercial varieties.
Tritrophic studies
Studies that have examined potential impacts of Bt plants on natural enemies in tritrophic test systems have deployed a variety of prey and host species as the Cry protein carrier. This has included prey or host species that are: 1) susceptible to the Cry proteins (lepidopteran and coleopteran species that are targets of Bt crops), 2) species that are not susceptible to the Cry proteins because of their taxonomic affiliation (aphids, leafhoppers, mites, thrips, etc.), and 3) target herbivores (exclusively lepidopterans) that have developed resistance to the Cry proteins. One challenge with tritrophic studies is that they can lead to erroneous results when sublethally affected Cry-sensitive herbivores are used as prey or hosts. This can lead to adverse effects on the natural enemy that are related to the reduced quality of the prey/host rather than to the insecticidal protein itself (Fig. 3) (Naranjo, 2009; Romeis et al., 2006) . The importance of such prey/host-quality effects has been demonstrated experimentally for the parasitoids Diadegma insulare (Hymenoptera: Ichneumonidae) (Chen et al., 2008) and Macrocentrus cingulum (Hymenoptera: Braconidae) and for the predators C. carnea (Lawo et al., 2010) and C. maculata (Li et al., 2011) . Ignorance of prey/host-quality effects has led to erroneous claims that lepidopteran-active Cry proteins cause direct toxic effects on natural enemies (see Shelton et al., 2009 for detailed discussion).
One way of overcoming the effects of host/prey-quality is to use non-susceptible or resistant herbivores that can consume the Cry protein without being compromised and serve as prey or host for the predator or parasitoid. Through a literature review, we have retrived 68 publications presenting the results from such tritrophic studies using Bt plant material as the test substance. This list includes phloem feeding insects like aphids, but there is increasing evidence in the literature that phloem feeders have extremely low or non-existent titers of Cry proteins in their bodies after feeding on Bt plants . While these studies offer realistic trophic scenarios, because aphids are common prey and hosts in crop fields, they are not suitable for testing the direct effects of Cry proteins on natural enemies. The same holds true for studies that have offered eggs to natural enemies from herbivores that developed on Bt-transgenic plants. We have thus separated the tritrophic studies into those where exposure to the plantproduced Cry proteins was confirmed or expected (Table S1) , and those were exposure was not given or shown to be very low (Table S2) and Fig. 3 . Studying the direct toxic effects of insecticidal compounds on natural enemies through tritrophic exposure. Care must be taken to avoid the use of sensitive herbivores as prey/hosts to avoid the occurrence of prey-quality mediated effects that may be falsely interpreted as toxic effects. Drawing by Ursus Kaufmann, Agroscope.
where consequently no conclusions about the toxicity of the Cry proteins could be drawn. Tritrophic studies where natural enemies were exposed to plant-produced Cry proteins were conducted with 6 hymenopteran parasitoids from 4 families, 32 predators from 12 families in 5 orders, and one entomopathogenic nematode (Table S1 ). Studies with no or negligible exposure were conducted with 7 hymenopteran parasitoids from 4 families and 12 predators from 6 families in 5 orders (Table S2) . Relevant data were extracted from the identified studies (Tables S1  and S2 ) for various life history traits that have a bearing on population dynamics and biological control function (immature development, immature and adult survival, fecundity, parasitism and predation). These data are summarized using meta-analysis (Fig. 4) . Care was taken to preserve independence in observations from any one study and to use metrics that reflected the longest exposure to the Cry protein. For example, if individual stage development time and total immature development time were measured for a natural enemy species, only total development time was retained. Likewise, if both fecundity and fertility (% hatch) were measured, only fecundity was retained because the former was generally measured over the life of the adult but the latter was often measured for only a brief period. A similar strategy was used for all studies so that only a single independent metric of a given life history trait was retained for each species studied. More detail on general screening methods can be found in Naranjo (2009) . We further retained only data from studies in which the plant was used as the source of the Cry protein, although this plant material could have been incorporated into an artificial diet. For studies that cumulatively exposed the natural enemy over multiple generations we used the results from the final exposed generation based on the rationale that this would represent the most extreme exposure to Cry proteins. The non-Bt plants used were generally isolines or near-isolines of the Bt plants (> 90% of studies); the remaining studies did not provide sufficient information. We used Hedge's d as the effect size estimator. This metric measures the difference between respective means from each treatment (Bt or nonBt) divided by a pooled variance and further corrected for small sample size (Rosenberg et al., 2000) . A random effects model was used for analyses to enable a broad inference of effects and bias-corrected, bootstrapped 95% confidence intervals were used to determine if the effect size differed from zero. The effect size was calculated such that a positive value indicates a more favorable response from the Bt compared with the non-Bt treatment. All analyses were conducting using MetaWin v2.1 (Rosenberg et al., 2000) .
Results mirror those found in prior meta-analyses with fewer studies (Naranjo, 2009) in showing that a variety of Bt plants and Cry proteins have no negative effects on a broad range of natural enemy species when the non-target species were exposed in an ecologically realistic manner (Fig. 4) . Effect sizes were generally larger for parasitoids and analyses indicated that reproduction (number of progeny) was actually higher when their hosts had fed on Bt plants compared with non-Bt plants. This result was driven by a single study where parasitoids (Cotesia plutellae; Hymenoptera: Braconidae) were offered a choice between Bt resistant Plutella xylostella (Lepidoptera: Plutellidae) caterpillars on Bt compared with non-Bt oilseed rape in field simulators in the laboratory (Schuler et al., 2003) . Eliminating this study reduced the effect size to a non-significant 0.0633. For predators, the majority of studies used non-susceptible prey and the results were exactly the same whether using non-susceptible or Bt-resistant prey (not shown). For parasitoids, studies tended to use Bt-resistant hosts more, but again the results were the same regardless of the type of host. We re-ran the analyses eliminating all studies that used herbivores as host or prey that did not contain Cry proteins (Table S1 ). The results were similar.
The analyses of the tritrophic studies provide further substantiation of the lack of effects of Bt plants and different Cry proteins on the biology or function of natural enemies. This together with the results from the bitrophic studies (Section 5.2) also confirms that transformation-related, unintended effects do not appear to impair natural enemy performance. Thus, the data available do not support the proposal by some scientists (Arpaia et al., 2017) and the European Food Safety Authority (EFSA) (EFSA, 2010) that in-planta studies are needed to fully assess the Bt-plant effects on natural enemies (see Devos et al., 2016 for detailed discussion).
Two tritrophic laboratory studies compared non-target effects of Bt plants to those of conventional insecticides. Herbivore strains were deployed that were non-susceptible to either a particular Bt Cry protein or insecticides. The first study used a strain of Cry1C-resistant diamondback moth (P. xylostella) or strains that were resistant to four different insecticides (Chen et al., 2008) . Caterpillars were treated with their respective toxins by feeding on leaf disks from Bt (Cry1C) broccoli Fig. 4 . Meta-analyses of the effect of Bt Cry proteins on the life history characteristic and biological control function of A) arthropod predators and B) insect parasitoids through laboratory tritrophic exposure studies (plant-herbivore-natural enemy). Studies used either prey or hosts resistant to the Cry proteins or prey or hosts that are not susceptible to the proteins based on taxonomic affiliation (Tables S1 and S2 ). Asterisks denote effect sizes significantly different from zero; sample sizes denote observations of resistant/non-susceptible prey or hosts and error bars are 95% bias corrected confidence intervals.
or disks treated with the insecticides and then exposed to the parasitoid D. insulare. Adult parasitoids only emerged from the Cry1C-resistant larvae. This provided clear evidence that the commonly used insecticides harmed the internal parasitoid while Cry1C did not. Similar results were reported in a second study where non-susceptible strains of aphids (Myzus persicae; Hemiptera: Aphididae) were used in tritrophic studies with Bt (Cry1Ab or Cry1C) broccoli or pyrethroid-treated broccoli and the predators C. maculata and Eupeodes americanus (Diptera: Syrphidae) or the parasitoid Aphidius colemani (Hymenoptera: Braconidae) . Again, adverse effects on the natural enemies were observed in the pyrethroid treatment but not in the case of Bt broccoli.
Impacts of Bt crops on arthropod natural enemy abundance and function in the field
As noted, there has been considerable laboratory research demonstrating the safety of Bt proteins to a suite of important natural enemies. Further, it has been suggested that such early tier laboratory studies can conservatively predict non-target effects expected in the field (Duan et al., 2010) . Thus, Bt crops represent a highly selective control tactic that should conserve natural enemies and contribute to enhanced management of pests, especially if Bt crops replace the application of broad-spectrum insecticides for control of Bt targeted pests. Bt maize and Bt cotton have been grown commercially for more than 20 years and provide an opportunity to assess their role in conservation biological control.
As of late 2008, over 63 field studies had been conducted to assess the potential impacts of Bt crops on non-target arthropods encompassing six classes, > 21 orders and > 185 species, with the vast majority of these being natural enemies important to providing biological control services (Naranjo, 2009) . Dozens of studies have since been added, especially in the rice and soybean systems, but also with continued focus on cotton and maize. These studies have been discussed and summarized in narrative reviews (Romeis et al., 2006; Sanvido et al., 2007; Lundgren et al., 2009 ) and several quantitative syntheses (Comas et al., 2014; Dang et al., 2017; Marvier et al., 2007; Naranjo, 2009; Pellegrino et al., 2018; Peterson et al., 2011; Wolfenbarger et al., 2008) . Overall, these studies have collectively concluded that nontarget effects of Bt crops are minimal or negligible, especially in comparison to the negative effects of the use of insecticides for control of the Bt targeted pest (Fig. 5) . A notable exception is the abundance of parasitoids for Bt maize. Many studies in this crop have been dominated by Macrocentris grandii (Hymenoptera: Braconidae), an exotic parasitoid introduced to the USA for control of O. nubilalis, which is in turn the main target of Bt maize. Not surprisingly, the abundance of such specialist parasitoids and the biological control services they provide may decline in Bt maize once their host insects are effectively controlled (Bourguet et al., 2002; Manachini, 2003; Manachini and Lozzia, 2004; Siegfried et al., 2001 ). However, reductions in target host abundance do not always lead to reductions in biological control function (Dhillon and Sharma, 2013; Fernandes et al., 2007; Lumbierres et al., 2011; Orr and Landis, 1997; Rose, 2005; Thomazoni et al., 2010) . In contrast, the use of insecticides for Bt targeted pests in non-Bt crops can significantly reduce biological control function (Musser and Shelton, 2003; Rose, 2005) .
The impact of Bt crops on the biological control services supplied by generalist arthropod predators have been uniformly neutral in Bt maize (Ahmad et al., 2006) and Bt cotton (Head et al., 2005; Naranjo, 2005b; Olson and Ruberson, 2012; Sisterson et al., 2004) . Only one study observed small reductions in several arthropod predator taxa in Bt cotton in long term field studies in Arizona that were likely associated with reductions in caterpillar prey (Naranjo, 2005a) . However, using predator:prey ratios, sentinel prey and life tables of natural populations of Bemisia tabaci (Hemiptera: Aleyrodidae), it was shown that these small reductions in predator abundance were not associated with any change in the overall biological control services provided by the natural enemy community (Naranjo, 2005b) . Overall, such changes in the target herbivore community are not unique to Bt crops, but would arise from the deployment of any effective pest management tactic or overall IPM strategy. Nonetheless, extant data suggests that Bt crops do not alter the function of the natural enemy community and may provide for enhanced biological control services if they prevent or reduce the alternative use of broader-spectrum insecticides for control of the Bt targeted pest. Several case studies in cotton and maize are presented below that demonstrate the potential role of Bt crops in conservation biological control.
Role of GE plants in integrated production systems
Bt cotton
The compatibility of Bt crops and biological control has been well documented with Bt cotton in Arizona as part of their overall IPM program. In 1996, Cry1Ac-cotton was introduced into Arizona to control the pink bollworm, P. gossypiella, a notorious pest of cotton in the southwestern US and northern regions of Mexico, as well as many other parts of the world including India. In Arizona, Bt cotton led to dramatic reductions in the use of foliar insecticides for the target pest, all of them broad-spectrum in nature (Henneberry and Naranjo, 1998) . The quickly increased adoption of Bt cotton led to broad, areawide control of the pest (Carrière et al., 2003) and opened the door for an opportunity to eradicate this invasive pest. Bt cotton became a cornerstone element in the pink bollworm eradication program initiated in 2006 in Arizona, and insecticide use for this pest ceased entirely by 2008 (Naranjo and Ellsworth, 2010) . Concurrently in 1996, a new IPM program was introduced for B. tabaci (MEAM1), another invasive pest that had quickly developed resistance to pyrethroids by 1995. Several new selective insect growth regulators were introduced leading to further reductions in broad spectrum insecticide use (Naranjo and Ellsworth, 2009a) . With the introduction in 2006 of a selective insecticide for Lygus hesperus (Hemiptera: Miridae) the package was complete and overall insecticide use statewide for cotton was dramatically reduced. This pattern was associated with a disproportionately larger reduction in broad-spectrum insecticides resulting in a situation where most of the few insecticides now applied are those that more selectively target the pests and conserve natural enemies.
These progressive reductions in insecticide use provided an environment that allowed biological control by a diverse community of native natural enemies to flourish. Extensive experimental work documented the role of natural enemies generally and their conservation specifically in the suppression and economic management of B. tabaci (Asiimwe et al., 2016; Ellsworth, 2005, 2009b; Vandervoet et al., 2018) . Overall, the Arizona cotton IPM strategy has cumulatively saved growers over $500 million since 1996 in yield protection and control costs ($274/ha/year), while preventing over 25 million pounds of active ingredient from being used in the environment . While many components contributed to this transformative change that allowed conservation biological control to function at a high capacity in Arizona cotton production, Bt cotton was a keystone technology that eliminated the early season use of broad-spectrum insecticides for pink bollworm. Without this capstone event, it is unlikely this success would have been possible.
In China, a large-scale study demonstrated that the decline in insecticide sprays in Bt cotton resulted in an increased abundance of important natural enemies and an associated decline in aphid populations (Lu et al., 2012) . More importantly, these effects were not only observed in the Bt crop itself but also in other (non-GE) crops within the region. Overall, Brookes and Barfoot (2018) estimate massive reductions in foliar insecticide use in Bt cotton production globally, pointing strongly to the potential for conservation biological control to play an important and ever increasing role in IPM more broadly in this crop system.
The use of seed treated with various neonicitinoids has become pervasive in several field crops in the USA (Douglas and Tooker, 2015; Papiernik et al., 2018) and potentially negates to some degree the reduction in insecticides possible through the deployment of Bt crops. In the USA, neonicitinoid seed-treatments for cotton is common in some production regions North et al., 2018; Toews et al., 2010) , where it can provide economic control of thrips during the seedling establishment period (North et al., 2018) . The impacts of such usage on arthropod natural enemies in not well understood in cotton, but some data suggest minimal effects at recommended doses (Saeed et al. 2016) . Unlike most of the cotton production region in the US, the use of treated seed in Arizona is relatively rare (< 13% of acreage, P. Ellsworth, personal communication), mainly because plants in this production environment can quickly outgrow any minor thrips damage and some species such as Frankliniella occidentalis (Thysanoptera: Thripidae) are actually considered beneficial (Gonzalez et al., 1982; Trichilo and Leigh, 1986) .
Bt maize
As for cotton, studies have shown that using Bt maize (field corn) has resulted in large global reductions in the use of foliar insecticides for control of Lepidoptera (Klümper and Qaim, 2014; Brookes and Barfoot, 2018) . Studies on the widespread adoption of Bt maize in the Midwestern USA corn belt have demonstrated a dramatic decline in populations of O. nubilalis, and thus the need for insecticide treatments for this key lepidopteran pest. Furthermore, this decline occurred not only for those who adopted Bt maize, but also for surrounding maize farmers that did not (Hutchinson et al., 2010) . A similar 'halo' effect of lepidopteran suppression by the widespread adoption of Bt maize in the eastern USA has also been documented, as well as the benefits of pest declines in surrounding vegetable fields . While these studies document lower pest pressure because of wide spread adoption of Bt maize and less need for insecticidal sprays, by implication they also suggest that widespread conservation of natural enemies may be occurring. However, as noted, there has been a trend in the USA to add neonicotinoid seed treatments and to date virtually all maize seeds sold are treated (Douglas and Tooker, 2015; Sappington et al., 2018) . This insurance approach is targeting a number of early-season pests that occur only sporadic but for some of which rescue treatments are not available (Gray, 2011; Sappington et al., 2018) . Recent work suggests that seed treatments in maize can negatively impact some natural enemy populations early season even though there is recovery later on (Disque et al., 2018) . Thus, such treatments have the potential to erase some of the very positive gains in foliar insecticide reduction in maize. Studies in sweet corn, which is routinely treated with foliar insecticides far more than field corn, have been able to document that the conservation of natural enemies with Bt plants results in enhanced biological control. In the northeastern US where a considerable amount of sweet corn is grown, studies have shown that Bt sweet corn is far less toxic to the major predators in the system (ladybeetles C. maculata and H. axyridis and the minute pirate bug, Orius insidiosus [Hemiptera: Anthocoridae]), than the commonly used pyrethroid lambda cyhalothrin, spinosad, and indoxacarb (Musser and Shelton, 2003) . Furthermore, this study demonstrated that Bt sweet corn provided better control of lepidopteran pests, and did not negatively affect the predation rates of sentinel egg masses of the European corn borer, as did lambda cyhalothrin and indoxacarb. A follow-up study proposed a model that integrated biological and chemical control into a decisionmaking tool and highlighted the benefit of conserving natural enemies so they could play a role in suppressing not only the lepidopteran pests but secondary pests such as aphids that infest the ears and affect marketability (Musser et al., 2006) .
Importance of natural enemies for resistance management
Work by Stern and colleagues in California in the 1950 s demonstrated that use of selective insecticides could be used to control the spotted alfalfa aphid without disrupting an important parasitoid that helped keep it in check Stern and van den Bosch, 1959; . They noted that when biological control was disrupted, it often led to an 'insecticide treadmill' for the pests which, in turn, led to their eventual resistance to the insecticides. This key finding on the importance of conserving biological control agents was instrumental in the development of the Integrated Control Concept Stern and van den Bosch, 1959; , the precursor of the IPM concept.
As described previously, multiple studies have shown that Cry1 proteins expressed in plants control targeted Lepidoptera but do not harm important natural enemies, thus conserving them to function as biological control agents. With the threat of targeted pests evolving resistance to Bt proteins expressed in plants (Tabashnik and Carrière, 2017) , investigations have been undertaken to determine whether natural enemies may help delay resistance to Bt proteins in the targeted pest.
Using a system composed of Bt broccoli (Cry1Ac), the diamondback moth (P. xylostella), the predator, C. maculata, and the parasitoid, D. insulare, the interaction of resistance evolution and biological control was explored. In a greenhouse study over multiple generations, use of C. maculata and Bt broccoli provided excellent control of P. xylostella while delaying resistance in P. xylostella to Bt broccoli . Using this same system, a model was created to study the influence of D. insulare on the long-term pest management and evolution of resistance in P. xylostella (Onstad et al., 2013) . Simulations demonstrated that parasitism by D. insulare provided the most reliable long-term control of P. xylostella within this system and always delayed the evolution of resistance to Bt broccoli. This latter finding agrees with previous studies using this experimental system that demonstrated the lack of harm to the parasitoid by Cry1Ac, compared to other commonly using insecticides for control of P. xylostella (Chen et al., 2008) . These findings suggest that biological control, in addition to other factors including refuges and gene expression (Tabashnik et al., 2013) , may play a significant role in limiting the number of cases of resistance to Bt plants to date, especially compared to the ever-increasing cases of resistance to broad-spectrum insecticides (Sparks and Nauen, 2015) .
Outlook
In the near future, we are likely to see currently used as well as new Bt (Cry and Vip) proteins deployed in additional (including minor) crops. For example, in China dozens of rice lines with resistance to various lepidopteran pests have already been developed that are highly resistant to stem borers such as Chilo suppressalis (Crambidae) Liu et al. 2016a ). While two lines expressing a cry1Ab/Ac fusion gene have received biosafety certificates by the Ministry of Agriculture already in 2009, no Bt rice is commercialized yet . Another example is that of cowpea (Vigna unguiculata ssp. unguiculata) that contains Cry1Ab to protect the plant from damage by Maruca testulalis (Lepidoptera: Crambidae) (Ba et al., 2018; Huesing et al., 2011; Mohammed et al., 2014) . While the plant has not yet been approved, it has the potential to significantly reduce the yield loss caused by this major pest in sub-Saharan Africa, where cowpea is the most important grain legume (Murdock et al., 2008) . In addition to cowpea, field experiments with various Bt crops are ongoing in different countries in Africa (ISAAA, 2017) . Genes for new Bt proteins may include modifications to improve efficacy or to facilitate expression in plants (Lucena et al., 2014 ). An example is modified Cry51Aa2 protein (Cry51Aa2.834_16) that protects cotton against feeding damage caused by hemipteran and thysanopteran pests (Baum et al., 2012; Gowda et al., 2016; Bachman et al., 2017) . Furthermore, we can expect to see novel combinations of Cry and Vip proteins in pyramided GE crops.
In today's Bt-transgenic plants, the expression of the insecticidal genes is driven by constitutive promotors (i.e., CaMV 35s) and the proteins are constantly produced in most plant tissues. Scientists thus search for effective wound-inducible promotors that ensure that the insecticidal compound is only produced when and where it is required. The feasibility of this approach has been documented in the glasshouse and in the field for rice where cry genes were driven by the woundinducible mpi promotor from maize (Breitler et al., 2001 (Breitler et al., , 2004 ). Another example is the successful use of the wound-inducible AoPR1 promotor isolated from Asparagus officinalis in cotton and potato (Ahmed et al., 2017; Anayol et al., 2016) . Other examples of nonconstitutive promoters include tissue-specific and inducible promoters that may help not only limit exposure to natural enemies but can be used for resistance management .
In addition to Bt, effective toxins have also been isolated from other bacteria including species of Pseudomonas (Anderson et al., 2018) and Chromobacter (Sampson et al. 2017 ) that might be expressed in future insect-resistant GE plants. Much research has also been devoted to protease and alpha-amylase inhibitors and lectins to target lepidopteran, coleopteran, and hemipteran pests . A compound that is of particular interest is the alpha-amylase inhibitor αAI-1 from the green bean that has been introduced into various other legumes and shown to provide very high levels of protection from certain (susceptible) bruchid (Coleoptera: Bruchidae) species (Lüthi et al., 2013a; Morton et al., 2000) . Despite the fact that the alphaamylases of hymenopteran parasitoids of bruchids are also susceptible to this particular inhibitor (Álvarez-Alfagemen et al., 2012) , tritrophic studies have shown that the αAI-1 containing GE seeds cause no harm to their parasitoids (Lüthi et al., 2013b (Lüthi et al., , 2018 . In any case, to our knowledge, none of those insecticidal compounds is close to reaching the market stage anytime soon.
Another promising new development is the use of RNA interference (RNAi) to control arthropod pests by developing plants to produce double-stranded RNA (dsRNA) that silences an essential gene in the target species after ingestion (Burand and Hunter, 2013; Zhang et al., 2017) . RNAi effects caused by ingested dsRNA have been shown in various insect orders but with highly variable success rates in the down regulation of the target genes (Baum and Roberts, 2014; Huvenne and Smagghe, 2010) . In general, dietary RNAi works very well in Coleoptera but less so in Lepidoptera (Baum and Roberts, 2014) . What makes the technology interesting is the fact that one can also target hemipteran pests (including phloem-feeders) that have not yet been targeted by Bt proteins (Baum and Roberts, 2014; Ibrahim et al., 2017) . The potential of RNAi for pest control has first been demonstrated in 2007 for H. armigera and Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae) (Baum et al., 2007; Mao et al., 2007) . Later reported control of the Colorado potato beetle Leptinotarsa decemlineata (Coleoptera: Chrysomelidae) by expressing dsRNA in chloroplasts of potato. The first insect-resistant dsRNA-expressing GE crop was registered by the US Environmental Protection Agency (US EPA) in June 2017 (https://www.epa.gov/newsreleases/epa-registersinnovative-tool-control-corn-rootworm). This GE maize event (MON87411) produces a dsRNA targeting the Snf7 protein in D. v. virgifera, which is crucial for the transport of transmembrane proteins (Bachman et al., 2013; Bolognesi et al., 2012) . Suppression of Snf7 has been reported to cause increased D. v. virgifera larval mortality leading to reduced root damage (Bolognesi et al., 2012) . Because the RNAi effect is sequence specific, the dsRNA can be designed to specifically target the gene in the target pest insect. Studies on numerous non-target species using the dsRNA targeting Snf7 in D. v. virgifera have demonstrated this specificity (Bachmann et al., 2016) . Combing Bt Cry proteins with RNAi has great potential to delay resistance development (Khajuria et al., 2018; Ni et al., 2017) . As expected, development of resistance will also be a concern in respect to RNAi-based GE crops and thus needs to be managed. A recent study demonstrated that insects can develop resistance to dsRNA (Khajuria et al., 2018) . Interestingly, resistance was not sequence-specific but caused by an impaired luminal uptake, indicated by cross resistance to other dsRNAs tested.
New plant breeding techniques, such as genome editing that are protein-mediated or based on sequence-specific nucleases are continuously been developed (Baltes and Voytas, 2015) . These techniques allow the knock-out of a specific gene. Of those, CRISPR-Cas9 (Doudna and Charpentier, 2014) has gained the highest importance. The technique has already been successfully applied to crop plants to alter agriculturally important traits such as disease resistance and drought tolerance (Shi et al., 2017) . To our knowledge, there is only one example where the technology was used to develop an insect-resistant plant. By knocking out the cytochrome P450 gene CYP71A1, rice plants became resistant against rice brown planthopper (N. lugens) and striped stem borer (C. suppressalis) . The gene encodes for an enzyme that catalyzes the conversion of tryptamine to serotonin. The suppression of the serotonin biosynthesis resulted in enhanced insect resistance.
As these new technologies develop it will be important that research be conducted to ensure that any unacceptable non-target effects be identified and mitigated before commercialization so that GE crops will continue to be useful tools in the context of IPM and sustainable pest control.
Conclusions
The efficacy of Bt-transgenic crops in controlling important target pests has been very high. Furthermore, the large-scale adoption of Bt crops in some parts of the world has led to area-wide suppressions of target pest populations benefitting both farmers that adopted the technology and those that did not. As expected and intended, the insecticidal proteins deployed today have a narrow spectrum of activity and cause no detrimental unintended effects to natural enemies. The use of Bt crops typically replaces chemical broad-spectrum insecticides (foliar sprays and soil insecticides). However, in the USA, and possibly other parts of the world, this benefit is to some extent counteracted by the increasing application of insecticidal seed treatments (to both Bt and non-Bt crops) for the management of early season pests and as insurance against sporadic pests Sappington et al., 2018) .
Overall, the change in insecticide use has benefitted non-target species in general and biological control in particular. In respect to Bttransgenic crops, the National Academies of Sciences, Engineering, and Medicine (NASEM, 2016) recently concluded: "On the basis of the available data, the committee found that planting of Bt crops has tended to result in higher insect biodiversity on farms than planting similar varieties without the Bt trait that were treated with synthetic insecticides." Earlier, the European Academies have stated that "There is compelling evidence that GM crops can contribute to sustainable development goals with benefits to farmers, consumers, the environment and the economy." (EASAC, 2013) . Consequently, such insect-resistant GE varieties can not only help to increase yields and provide economic benefits to farmers but also improve environmental and human health. The large body of evidence supporting such outcomes should be considered when developing and introducing new insecticidal GE plants in new countries and cropping systems.
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